ABSTRACT
INTRODUCTION T
HE QUESTION of how much O 2 was present in the Archean atmosphere has been debated for a long time. Although most researchers agree that the level of atmospheric oxygen was substantially lower prior to 2.0-2.3 Ga (Cloud, 1972; Walker, 1977; Walker et al., 1983; Kasting, 1993; Holland, 1994) , some scientists have continued to argue that the atmosphere was oxygen-rich throughout the Archean (Towe, 1994; Ohmoto, 1996 Ohmoto, , 1997 . Holland (1994) summarized a variety of forms of geological evidence that favor reduced oxygen levels prior to ,2.2 Ga: the absence of red beds, the presence of banded iron formations (until 1.8 Ga), the lack of oxidation of Fe 21 in paleosols, and the widespread presence of detrital uraninite and pyrite in sediments. However, each of these arguments allows for alternative interpretations (Ohmoto, 1996 (Ohmoto, , 1997 . Nevertheless, based on paleosol and uranium data, Holland (1994) estimated that O 2 concentrations were ,10 -2 times the present atmospheric level (PAL) prior to 2.2 Ga. Other authors using photochemical models predict much lower ground-level O 2 concentrations (,10 212 -10 28 PAL) in the Archean-Early Proterozoic atmosphere (Kasting, 1993; Pavlov et al., 2001) .
Complicating the picture even more is the discovery of molecular fossils of biological lipids (Brocks et al., 1999; Summons et al., 1999) , which indicates that both cyanobacteria and eukaryotes were present by 2.7 Ga. This suggests that oxygen should have been present in at least some areas of the surface ocean. Although this does not necessarily imply oxygen in the atmosphere (Kasting, 1992) , some researchers have continued to insist that atmospheric O 2 must therefore have been abundant.
Recently, however, Farquhar et al. (2000a) presented evidence for sulfur isotope mass-independent fractionation (MIF) in sediments deposited prior to ,2.3 Ga. These data have since been verified by two independent investigations (Mojzsis et al., 2001; G. Hu and D. Rumble, personal communication) . Most thermodynamic, kinetic, or biological processes in aqueous solution or solidphase fractionate isotopes in a mass-dependent way (i.e., mass-dependent relationship for sulfur isotopes: d 33 S > 0.515d 34 S; d 36 S > 1.91d 34 S). Note that the term "MIF" is somewhat misleading because fractionation does depend on the mass of the isotopes. MIF simply means that sulfur isotopes do not obey the standard mass-dependent relationship described above.
The only process known to produce MIF in solid or liquid phases results from hyperfine interactions (i.e., spin-orbit coupling in isotopes with odd-mass nuclei such as 33 S and 17 O). Farquhar et al. (2000a) ruled out this process as a possible explanation for the Archean sulfur isotope data because of the positive correlation between D 33 S and D 36 S (the deviations from the normal mass-dependent relationship). If MIF had originated from hyperfine interactions, D 36 S should have been 0. MIF in gas-phase reactions has been reported for a number of different photochemical processes (Thiemens, 1999; Zmolek et al., 1999; Farquhar et al., 2000b) . Farquhar et al. (2001) showed experimentally that photolysis of SO 2 by UV radiation in the 190-220 nm spectral region produces MIF. The penetration of such short-wave radiation deep into the atmosphere could only have happened if the column abundances of ozone and oxygen were smaller than today. Farquhar et al. (2001) concluded that the Archean oxygen level must have been at least one to two orders of magnitude lower than at present, though they stopped short of estimating an actual upper limit on the concentration of O 2 . A quantitative upper limit can only be obtained from model calculations such as those described here.
We argue that the sulfur isotopic data provide an even stronger constraint on atmospheric O 2 than suggested above. MIF of sulfur isotopes could only have occurred under reduced atmospheric conditions when sulfur was being removed from the atmosphere in a variety of different oxidation states (Kasting et al., 1989) . Therefore, the data of Farquhar et al. (2001) provide strong evidence for an almost completely anoxic Archean atmosphere.
MODEL DESCRIPTION
We have examined this problem using two different photochemical models of Earth's evolving atmosphere. The first, from Pavlov et al. (2001) , represents a weakly reduced (CH 4 /N 2 -rich, O 2 -poor), hypothetical Late Archean atmosphere. The second, adapted from Kasting et al. (1985) , represents the atmosphere following the oxic transition at 2.3 Ga. O 2 concentrations in this atmosphere are allowed to vary between 10 25 and 1 PAL. Separate photochemical models are needed because some short-lived species become long-lived at higher O 2 levels, and vice versa. Numerical problems arise if one attempts to use the same model in both atmospheric regimens.
The one-dimensional photochemical model used in our Archean numerical experiments includes 72 "major" (excluding minor sulfur isotopes) chemical species involved in 337 reactions. The model is fully described in Pavlov et al. (2001) . A list of all the chemical reactions that involve sulfur-bearing species is provided in Table 1 .
In order to study isotopic fractionation, we added a subroutine to the model in which the sulfur photochemistry is duplicated for an isotopic species. For example, the reaction S 1 HS R S 2 1 H is replaced by two reactions for the isotopic species, S* ( 33 S, 34 S, 36 S): S* 1 HS R S*S 1 H S 1 HS* R S*S 1 H We also assumed that the probability of reaction between two minor sulfur isotopic species is negligible (i.e., we ignored reactions like S*O 1 S*O R S*O 2 1 S*). 4. In all our calculations we assumed that the only isotopic fractionation of any sort happens during the UV-photolysis of SO 2 (MIF). Subsequent atmospheric reactions do not produce additional MIF or mass-dependent fractionation. While this is not strictly true, we are interested here only in deviations from the normal terrestrial mass fractionation line. Thus, it is preferable to ignore all mass-dependent fractionation processes.
Our numerical procedure starts by dividing the atmosphere from 0 to 100 km into 1-km increments. At each height, the continuity equation was solved for each long-lived species, including transport by both eddy and molecular diffusion. The combined second-order partial differential equations were then cast in centered finite-difference form, and the resulting set of coupled ordinary differential equations was integrated to steady state using the reverse Euler method. After ,500 time steps (,10 8 model years), when all the "major" atmospheric species were converged, a similar numerical procedure was repeated for the minor sulfur isotopic species. During this second step, the concentrations of the "major" atmospheric species were treated as constants.
In our model the following species were considered long-lived (transport by diffusion included in the continuity equation): H 2 S*, HS*, S*, S*O, S*O 2 , H 2 S*O 4 , HS*O, and S*S. Four species, HS*O 3 , S*O 3 , S*S 2 , and S*S 3 , were assumed to be in equilibrium at each height step.
To test our model for physical consistency, we performed the following experiment: We assumed that SO 2 and S*O 2 were outgassed at the same rate and there was no fractionation during SO 2 photolysis. If our model was coded correctly, chemical species like H 2 S*, HS*, S*, etc., would show no fractionation after the code was converged (i.e., [H 2 S*] 5 [H 2 S], etc.), and minor isotopic species containing multiple (n) sulfur atoms (e.g., S*S and S*S 3 ) should be n times as abundant as their major isotopic counterparts. Thus, [S*S] 5 2[S 2 ], [S*S 3 ] 5 4 [S 4 ]. The reason why this must be true is illustrated in Fig. 1 .
Suppose, for simplicity, that the only source of sulfur is from volcanic outgassing of S and S* and that the only sulfur removal process is rainout of S 2 and S*S. Let k and k9 be the rates of chemical reactions of S 1 S R S 2 and S 1 S* R S*S, respectively. To conserve the number of sulfur atoms in steady state, the following should be true: F in (S) 5 2F out (S 2 ), and F in (S*) 5 F out (S*S). If we assume that F in (S) 5 F in (S*), then the mixing ratio of S*S must be twice that of S 2 , while the mixing ratio of S* should be exactly equal to that of S. Both conditions can be satisfied only if k9 5 2k (i.e., reaction R*75 in Table 2 ).
Another type of adjustment of the chemical rate constants is more intuitive. Consider the reaction S 2 1 O R S 1 SO, with the rate constant k. For the isotopic molecule S*S this reaction would split into two reactions: S*S 1 O R S* 1 SO and S*S 1 O R S 1 S*O, each with rate constant k9. To maintain mass balance, we must have k9 5 0.5k (i.e., reactions R*73 and R*74 in Table 2 ).
These general rules of rate constant adjustment for the isotopic reactions can be stated as follows:
1. Double the rate constant when an isotopic species reacts with its "major" isotopic twin (S 1 S* R S*S). 2. Halve the rates in reactions that branch in two directions (S*S 1 O R S* 1 SO; S*S 1 O R S 1 S*O). 3. Otherwise, the rates stay the same (S*O 1 O3 R S*O 2 1 O 2 ).
Our model, coded according to these rules, produced physically consistent results (i.e., when zero fractionation was assumed during SO 2 photodissociation, no fractionation was observed in any other sulfur-bearing atmospheric species).
For our higher-O 2 numerical simulations we used a one-dimensional photochemical model adapted from Kasting et al. (1985) . The following improvements were made:
1. We calculated the UV flux for each layer using the same d2-stream scattering approximation (Toon et al., 1989) used in the Archean code (Pavlov et al., 2001 ). 
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HSO 1 S* ® HS* 1 SO HSO 1 S ® HS 1 SO 1 2. We have added all the sulfur chemistry from the Archean code except for reactions involving sulfur polymers (S 2 , S 3 , S 4 , . . . ). We demonstrate in Results that S 2 is not formed in significant quantities in high-O 2 atmospheres; hence, higher-sulfur polymers can be safely neglected. 3. We have included production, growth, and deposition of sulfate aerosols, as in the Archean code.
The numerical procedure remained similar to the Archean code.
RESULTS

MIF in the Archean atmosphere
In our calculations of a mildly reducing Archean atmosphere we assumed that reduced gases dominate, as they must have in order to be consistent with evidence from the geologic record. We assumed that photosynthetic production of oxygen was negligible except in localized "oxygen" oases, which were limited to regions of high productivity in the oceans (see Discussion). The only abiotic source of oxygen, photolysis of CO 2 , produces surface oxygen mixing ratios of only ,10 214 PAL (Kasting, 1993; Pavlov et al., 2001) .
We kept the surface methane flux fixed at 1.9 3 10 11 molecules cm 22 s 2 1 . This flux reproduces the present-day CH 4 mixing ratio of 1.6 ppm in our high-O 2 photochemical model. A more accurate calculation with a two-dimensional model by Houghton et al. (1994) produces the modern methane flux value of 535 Tg(CH 4 )/year (1.2 3 10 11 molecules cm 2 2 s 2 1 ), a value 30% smaller than ours. This points out the limitation of the one-dimensional modeling approach. It is worth noting that the same surface methane flux (1.9 3 10 11 molecules cm 22 s 21 ) used in our oxygen-free Archean atmosphere model resulted in a methane mixing ratio of ,820 ppm as a result of the reduced concentrations of OH and O radicals and the correspondingly longer lifetime of CH 4 . Surface boundary conditions for the other atmospheric species were kept the same as in Pavlov et al. (2001) .
We first performed a set of numerical experiments in an attempt to reproduce the experimental data of Farquhar et al. (2001) on sulfur isotopes in sedimentary sulfides and sulfates from 3.3 to 3.5 Ga. Farquhar et al. (2001) tried to link MIF in Archean sediments with MIF of sulfur during SO 2 photolysis. Our photochemical model allowed us to track how the MIF signature from SO 2 photolysis would propagate into different sulfur-bearing species, which in turn would be deposited on the surface and eventually become incorporated in sediments. Not enough laboratory measurements of isotopic fractionation during SO 2 photolysis have been made to do a definitive study. For example, Farquhar et al. (2000b Farquhar et al. ( , 2001 ) studied MIF during the photolysis of SO 2 by measuring the isotopic composition of the product elemental sulfur and the residual SO 2 . However, SO and probably HS and HSO should also be formed in this experiment, but their isotopic compositions are unknown. Therefore, we can only make some preliminary guesses as to what types of isotopic separation must occur in order to produce the observed fractionation pattern. We argue later that our basic conclusions regarding Archean atmospheric O 2 concentrations are independent of the details of the isotopic fractionation process.
Farquhar's data can be replotted on a diagram that shows the relative 33 S and 34 S abundances of sedimentary sulfides and sulfates (Fig. 2) . The sulfides lie above and to the left of the mass-dependent fractionation line (MFL); the sulfates lie below and to the right. In the more recent experiments on SO 2 photolysis (Farquhar et al., 2001) , the degree of fractionation of sulfur isotopes is a function of the length of time during which the gas mixture was exposed to UV radiation. The actual fractionation during photolysis is unknown. Therefore, we simply assumed an arbitrary fractionation in 34 S (d 34 S 5 210‰) and then predicted the relative abundance of 33 S using Farquhar's empirical MIF relationship, d 33 S < 0.649d 34 S. The fractionation of sulfur isotopes in our photochemical model was implemented by adjusting the relative photolysis rates of 33 Figure 3 displays the isotopic composition of the atmospheric sulfurbearing species when these rates are used in the model. The resulting isotopic distribution, which moved away from the normal MFL, bears no resemblance to the pattern exhibited by the data in Fig. 2 . If, however, we changed the photolysis rates of 33 SO 2 and 34 SO 2 relative to 32 SO 2 so that J( 34 SO 2 ) 5 0.99J( 32 SO 2 ) and J( 33 SO 2 ) 5 1.01J( 32 SO 2 ), we could produce a fractionation pattern that moved in the right direction (Fig. 4) . The photolysis products still fall along a straight line, though, which is not what was observed with the data.
As pointed out by Farquhar et al. (2001) , to produce the observed nonlinear distribution one needs to invoke two or more separate, MIF processes (Fig. 5) . In multiphoton photolysis experiments at 248 nm (Wilson et al., 1982) , SO 2 is known to photolyze along an additional branch:
If the isotopic separation in this branch is different from that in the branch leading to SO 1 O, a pattern that is roughly similar to that seen in the data can be produced. Recall that these are only preliminary experiments, however, because neither the branching ratio for this reaction nor the actual isotopic fractionation is well known. Furthermore, there is no a priori reason why atmospheric H 2 S, HS, S, and HSO should end up in sedimentary sulfides and atmospheric SO 2 and H 2 SO 4 end up in sulfate minerals. Nonatmospheric chemical processes (e.g., biological sulfate reduction) may further scramble the isotopic signal before it is preserved.
Despite all of these uncertainties, useful information can still be obtained from our model. The MIF produced by atmospheric photochemistry would not be preserved if the products were all rehomogenized in the ocean in the form of dissolved sulfate, which is what would happen today if SO 2 was photolyzed at high altitudes. The only way to preserve MIF is for the photolysis products to leave the atmosphere in different chemical forms. Figure 6 shows the removal rates of the various sulfur-containing species in our model Archean atmosphere. Sulfur species are removed by a combination of wet and dry deposition, as described in the Appendix (see also Kasting, 1990) . At least five different species are quantitatively important. Note that the deposition fluxes of H 2 S and SO 2 are of the same order of magnitude in the Archean atmosphere (Fig. 6) . Therefore, atmospheric MIF in sulfur isotopes could have been preserved after deposition of both reduced and oxidized sulfur-bearing species. This is the key to explaining the data of Farquhar et al. (2001) .
MIF in higher-O 2 atmospheres
The simulations described above show that it is possible, in principle, to produce a mass-independent S isotope signature in a low-O 2 "Archean" atmosphere. We now demonstrate that the converse of this statement is also true: It is not possible to produce a mass-independent isotopic signature in a high-O 2 atmosphere. Indeed, even if we reduce the atmospheric O 2 concentration to 10 25 PAL, it still appears unlikely that any type of mass-independent sulfur isotopic signature can be preserved. Thus, we can use the data of Farquhar et al. (2001) to place an upper bound on the abundance of O 2 in the Archean atmosphere.
To show this, we performed a set of calculations starting from the present-day atmosphere and progressively decreased the amount of O 2 down to 10 25 PAL. First, we fixed the mixing ratios of the atmospheric trace gases H 2 , CH 4 , CO, N 2 O, and CH 3 Cl at their present values (at 1 PAL of O 2 ) and used the photochemical model to calculate their surface fluxes. Those fluxes were 26.8 3 10 9 , 1.96 3 10 11 , 2.9 3 10 11 , 1.07 3 10 9 , and 5.5 3 10 8 molecules cm 2 2 s 2 1 for H 2 , CH 4 , CO, N 2 O, and CH 3 Cl, respectively (minus means the flux is downward). We then kept those fluxes fixed for all low-O 2 simulations. Though this assumption may not be correct without explicitly modeling the biological sources of these gases, it is reasonable.
Note that a decrease in O 2 concentrations below that in the modern atmosphere does not necessarily imply an increase in the concentrations of reduced gases. Figure 7 shows CH 4 , CO, and H 2 abundances under reduced oxygen conditions. All three gases are slightly more abundant at 0.1 PAL of O 2 . However, below this O 2 level, their concentrations decrease dramatically. At these low O 2 levels, water vapor can be photolyzed in the troposphere, leading to greatly increased OH abundances, and thus shorter photochemical lifetimes for reduced gases (Kasting and Donahue, 1980) . Atmospheres with "intermediate" O 2 concentrations (10 25 -10 22 PAL) are very oxidizing. Figure 8a demonstrates that at O 2 concentrations .10 25 PAL the dominant sulfur-bearing species lost to the ocean are SO 2 and H 2 SO 4 (sulfate aerosols). By contrast, in a reducing Archean atmosphere, the removal rates of H 2 S and S 8 are comparable to, or even exceed, that of SO 2 (Fig. 6) Farquhar et al. (2000b) ; figure reproduced by permission of American Geophysical Union from Farquhar et al. (2001) .] All Phanerozoic sulfides and sulfates plot along the MFL line.
FIG. 3. Model-derived sulfur isotopic composition based on laboratory experiments by Farquhar et al. (2000b).
We applied the measured isotopic fractionation to the reaction:
The photolysis rates, J(SO 2 ), were assumed to obey:
However, Fig. 8b shows that the production rate of S 2 molecules in our mildly reducing Archean atmosphere is .10 8 times higher than in the high-O 2 atmospheres. Therefore, the abundance of S 8 aerosols and other reduced sulfur polymers should be totally negligible in high-O 2 atmospheres.
DISCUSSION
Uncertainties in the calculations
Our atmospheric models are simplified in that they contain no explicit treatment of aqueousphase redox chemistry in cloud droplets. Therefore, our deposition fluxes of SO 2 and H 2 SO 4 aerosols are not entirely correct. In the present atmosphere, ,30% of SO 2 emissions make it back to the surface as SO 2 (Galloway and Whelpdale, 1980) . Also, globally today, ,40% of SO 2 oxidation to H 2 SO 4 occurs in the gas phase and ,60% in the raindrop (Karamchandani and Venkatram, 1992; McHenry and Dennis, 1994) . Most of the SO 2 oxidation in the liquid phase in raindrops occurs by way of reaction with hydrogen peroxide: SO 2 1 H 2 O 2 R H 2 SO 4 . This process should have been important at lower O 2 levels as well. Kasting et al. (1985) have demonstrated that tropospheric H 2 O 2 abundances decrease only slightly with decreasing O 2 down to 10 25 PAL of O 2 . Above 10 23 PAL of O 2 , its concentration in rainwater remains essentially constant (Fig. 9) . Thus, the addition of explicit aqueous SO 2 oxidation chemistry to our model should affect the relative deposition fluxes of SO 2 (making it smaller) and H 2 SO 4 aerosols (making it higher) in our high-O 2 atmospheres (Fig. 8a) . None of this should affect our overall conclusions, however, because after deposition from a high-O 2 atmosphere, SO 2 is likely to be subsequently oxidized to H 2 SO 4 in the ocean. It will thus be rehomogenized isotopically, losing any signature of MIF.
Neglecting aqueous SO 2 oxidation chemistry in our reducing Archean atmosphere has even less of an impact on our conclusions. Figure 9 demonstrates that the amount of the major oxidant in the liquid phase, H 2 O 2 , drops dramatically in an oxygen-free atmosphere, while the abundance of the major reducer, H 2 CO, increases by an order of magnitude. Hence, while the addition of rainwater redox chemistry would make our model more technically realistic, we do not expect it to alter any of our basic conclusions. In high-O 2 atmospheres (PO 2 . 10 25 PAL), all sulfur gases would eventually end up in the ocean as sulfate. In low-O 2 atmospheres (PO 2 ,10 2 14 PAL), various reduced sulfur species would remain quantitatively important; hence, MIF produced by atmospheric photochemistry could be preserved in sediments. The relative fractionation between 33 S and 34 S is arbitrary, but it does produce an isotope diagram with sulfides and sulfates on the correct sides of the MFL. Fig. 3 , but with an additional branching reaction:
FIG. 5. A model calculation similar to that in
Branch (a) was assumed to fractionate as in Fig. 4 . In branch (b) the fractionation pattern was reversed, i.e.,
J(
34 SO 2 ) 5 1.01J( 32 SO 2 )
The resulting fractionation pattern (like the data in Fig.  2) does not fall along a single line.
Oxygen oases
As noted previously, although the majority of the geologic evidence supports low oxygen levels prior to 2.3 Ga, there are strong arguments that photosynthesis was operative as early as 2.7 Ga (Brocks et al., 1999; Summons et al., 1999) , at least in some areas of the world's oceans. To simulate such regions of oxygen production we performed a numerical experiment similar to one described by Pavlov et al. (2001) . We kept the methane mixing ratio fixed at 1,000 ppm (based on balancing volcanic outgassing with escape of hydrogen to space) and performed calculations for different surface "photosynthetic" fluxes of O 2 . An increase in the oxygen flux required a corresponding increase in the surface CH 4 flux to maintain a fixed methane mixing ratio. Our results were similar to those reported by Pavlov et al. (2001) , who showed that the atmospheric O 2 concentration in the vicinity of an oxygen oasis could have been at most 10 27 PAL for realistic oxygen and methane production rates and a methane mixing ratio of 1,000 ppm.
An indirect consequence of CH 4 oxidation under high oxygen fluxes in the reducing atmosphere is the high concentration of H 2 O 2 , which is even more abundant than in the present-day atmosphere. The CH 4 being oxidized creates abundant odd hydrogen (HO 2 and OH) that reacts to form H 2 O 2 . However, the lifetime of an O 2 molecule in such an atmosphere is at most several hours (Pavlov et al., 2001) . For typical wind speeds of #50 km/h, this implies that O 2 could spread for at most a few hundred kilometers from its source. Therefore, significant concentrations of O 2 and H 2 O 2 should only have existed in limited regions of the troposphere, while the rest of the atmosphere was still almost completely anoxic.
What happens after deposition
An even more important issue that we have not addressed in our calculations concerns the fate of dissolved sulfur species in the Archean ocean. Before these species were removed in sediments, various things could have happened to them. Sulfate, for example, could have been used by bacteria to oxidize organic matter (bacterial sulfate reduction), in which case it may have ended up as pyrite rather than gypsum or barite. Though dissolved SO 2 would not have been oxidized as it is today, it may still have undergone changes in redox state. SO 2 dissociates in solution to form bisulfite (HSO 3
2 ) and sulfite (SO 3 22 ). These species are both thermodynamically unstable and are expected to undergo disproportionation reactions to form elemental sulfur, sulfate, and perhaps thiosulfate (S 2 O 3 ) as well. Sulfite and bisulfite may also have been used by bacteria to oxidize organic matter (Skyring and Donnelly, 1982) . Thus, the pathways by which MIF in gasphase sulfur species actually made its way into the sedimentary record remain unknown.
Two basic atmospheric redox states
Not all of the atmospheric O 2 levels shown in our diagrams physically realized. The initial rise in O 2 around 2.3 Ga almost certainly marked the time at which the net production of O 2 from photosynthesis, followed by organic carbon burial, overwhelmed the volcanic flux of reduced gases (Walker, 1977; Walker et al., 1983; Kasting, 1987; Catling et al., 2001) . Once this transition occurred, the atmospheric redox budget would have remained unbalanced until O 2 levels rose high enough to cause efficient oxidative weathering of the continents. It is difficult to determine precisely when this would have happened, but studies of uraninite dissolution and paleosols (Holland, 1984 (Holland, , 1994 suggest that O 2 concentrations of $10 22 PAL are required. Hence, atmospheric O 2 probably remained at "Archean" levels (#10 213 PAL) for .2 billion years, then rose almost instantaneously from a geologic standpoint to .10 22 PAL sometime around 2.3 Ga. Our simulations for O 2 levels between 10 25 and 10 22 PAL may therefore be relevant to only a very brief period of Earth history.
CONCLUSIONS
The calculations described here provide strong support for the hypothesis that atmospheric O 2 levels increased dramatically around 2.3 Ga. More than that, if our interpretation of the sulfur isotope data is correct, the pre-2.3 Ga atmosphere had to have been essentially anoxic. Our modeling results suggest that atmospheres with as little as 10 25 PAL of O 2 would not have produced the observed fractionation. Atmospheric MIF would be lost because of the oxidation of sulfurbearing species to H 2 SO 4 and subsequent rehomogenization of the sulfur isotopes. On the other hand, atmospheric MIF in sulfur isotopes can be preserved and recorded in sediments under weakly reduced Archean atmospheric conditions.
Further laboratory work on isotopic fractionation during SO 2 photolysis is obviously needed. . 7) . Over the entire range of O 2 concentrations the dominant deposited sulfur species are SO 2 and H 2 SO 4 (both relatively oxidized). Archean fluxes are given for comparison. Here, reduced and oxidized deposition fluxes are comparable (H 2 S flux < SO 2 flux). b: Production rate of S 2 as a function of atmospheric O 2 in oxidizing atmospheres. Although the production rate of S 2 increases with decreasing O 2 , its value is still more than eight orders of magnitude less than the production rate of S 2 in the mildly reducing Archean atmosphere. S 2 is the major building block of the higher sulfur polymers S 3 , S 4 , . . . S 8 . Therefore, it is safe to neglect them in oxidizing atmospheres. It is not known whether other photochemical processes (e.g., photolysis of H 2 S or SO) might be important. The question of how different sulfur species make it from the atmosphere, through the ocean, and into sediments also requires additional study. These research areas should provide fruitful collaborations among laboratory photochemists, biogeochemists, and modelers for some time to come.
APPENDIX: RAINOUT AND SURFACE DEPOSITION OF SULFUR SPECIES
Sulfur species are removed from the photochemical model by a combination of rainout and surface deposition. This appendix describes how these processes are parameterized.
Rainout rates
In our model we used the rainout parameterization of Giorgi and Chameides (1985) . Their formulation accounts for the fact that less soluble gases should be removed more slowly than highly soluble ones. This difference is important in our model because the various sulfur gases exhibit a wide range of solubilities. The Giorgi and Chameides (1985) formulation contains a parameter T W, which represents the average duration of the wet period of the storm cycle (i.e., the length of time that it rains). We took T W to be 0.5 days, independent of height. For the same values of the function f(z) shown in their Fig. 4 , this corresponds to a 5-day complete storm cycle and, hence, a 5-day lifetime for highly soluble species near ground level.
The solubility that enters into the parameterization of Giorgi and Chameides (1985) is not the physical solubility, but rather the "effective" solubility, which takes into account chemical reactions of the dissolved gas within raindrops. SO 2 , for example, dissociates in solution to form bisulfite and sulfite ions: For our low-O 2 , Archean model, the total enhancement in SO 2 solubility from these aqueousphase reactions is ,10 4 . The equilibria listed above are pH-dependent; hence, it is necessary to include other aqueousphase reactions that might influence rainfall pH. The most important of these involve CO 2 , which hydrates and dissociates in the same manner as SO 2 . Sulfuric acid (which dissociates fully in solution) is also important if one considers atmospheres with high sulfur levels. In our model we accounted for dissociation reactions by solving a system of 10 algebraic equations at each time step and at each tropospheric grid point. The relevant equilibrium constants were taken from Chameides (1984) . Knowing pH, we can find H eff for all gases. All particles were assumed to rain out at the same rate as the most highly soluble gases.
Surface deposition of gases and particles
The rate at which soluble gases are taken up by the ocean surface was parameterized by assuming an effective deposition velocity (v dep ) for each gas. The inverse of this quantity represents the resistance to transfer from the atmosphere to the ocean and may be written as the sum of two terms (Liss, 1971; Slinn et al., 1978; Lee and Schwartz, 1981) :
The first term on the right represents the atmospheric resistance; k g is the effective gas-phase mass transfer coefficient, which we take to be 1 cm s 2 1 , following Slinn et al. (1978) .
The second term on the right in the equation above represents the resistance of the surface layer of the ocean. Here, k l (,20 cm h 2 1 ) is the liquid-phase mass transfer coefficient, H is the physical Henry's Law coefficient, R is the gas constant, T is temperature, and a is an enhancement coefficient that is related to the effective solubility of the gas (see previous section). According to Lee and Schwartz (1981) Here, t cd 5 D aq /k 1 2 (,0.6 s) is a characteristic time describing the competition between convection and diffusion, D aq (2 3 10 25 cm 2 s 21 ) is the diffusion coefficient for the gas within the liquid boundary layer, t r is the time constant for hydration of the dissolved gas, and h 5 H eff /H is the enhancement in solubility due to solvation reactions.
The deposition velocities of the less soluble sulfur gases are limited by their transfer rates through the liquid boundary layer. SO and H 2 S, for example, have deposition velocities of 3 3 10 24 and 0.02 cm s 2 1 , respectively. In contrast, deposition of SO 2 , HSO, and H 2 SO 4 should be limited by the assumed gas-phase transfer rate, except at very low values of ocean pH (Liss, 1971) .
Particles can also be lost by surface deposition, although the rate of turbulent diffusion for particles is much smaller than for gases. For particles in the 0.1-1 mm size range, the turbulent deposition velocity is of the order of 0.01 cm s 2 1 (Slinn et al., 1978; Fig. 9) . Their effective deposition velocity is the sum of this value plus the fall velocity at the ground.
ABBREVIATIONS
MFL, mass-dependent fractionation line; MIF, mass-independent fractionation; PAL, present atmospheric level.
